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1. INTRODUCTION

In responding to the needs of modern society and emerging
ecological concerns, it is now essential to develop new, inexpen-
sive, and environmentally friendly energy conversion and storage
systems. The performance of these devices depends fundamen-
tally on the properties of their materials. Nanostructured core�
shell materials are becoming increasingly attractive for these
purposes because they often exhibit better physical and chemical
properties than their single-component counterparts and alloys;
hence, they are potentially useful over a broader range of
applications. During the past decade, immense efforts have been
made to fabricate core�shell materials with tailored structural,
optical, and catalytic surface properties.1�12

The choice of metals for the shell and core of bimetallic
nanoparticles is based on the segregation properties of the two
metals,13,14 aswell as their electronic and strain-inducing effects.16,17

The chemical composition at the surface of an alloy may differ
from that in the bulk; that is, one of the components of the alloy
may be enriched in the surface region. At elevated temperatures,
the atoms of some noble metals tend to segregate to the
surface;6,18�21 the formation of a complete noble metal shell can
protect the non-noble-metal core from oxidation or dissolution.
Therefore, the durability of the core�shell nanoparticles de-
pends greatly on the integrity of the shell’s structure.

Detailed characterization of the atomic structure of nanopar-
ticles is a prerequisite for understanding the origins of their
properties such as activity and durability. It has been known that
the combination of the scanning transmission electron micro-
scope (STEM) and electron energy-loss spectroscopy (EELS)
can provide detailed information on the structures of individual
nanoparticles, while X-ray absorption spectroscopy (XAS) and
X-ray diffraction (XRD) offer average information on atomic
structures from thousands of nanoparticles.22,23 These techni-
ques are thus complementary, and by combining their results at
the stages of data analysis and modeling, we can fully characterize
core�shell nanoparticles.

In this communication, we present a simple method of
synthesizing carbon-supported IrNi core�shell nanoparticles
comprising IrNi alloy cores completely covered with Ir shells.
The procedure is very facile and applicable to large-scale synth-
esis. The core�shell structure was characterized by XRD,
STEM�EELS, and in situ XAS. To investigate the effect of
annealing temperature on its formation of core�shell structure,
we employed time-resolved synchrotron XRD studies together
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with Rietveld refinement analyses. This new class of core�shell
nanoparticle catalyst showed the higher mass activity of H2

oxidation in an acidic solution than that of a commercial Pt/C
catalyst.

2. EXPERIMENTAL DETAILS

2.1. Synthesis. The carbon-supported iridium and nickel
core�shell nanoparticles were prepared as follows. An equal
molecular ratio of (NH4)2IrCl6 and Ni(HCO2) 3 2H2O salts was
mixed with high-area Vulcan XC72R carbon black to obtain a
loading of 20 wt % total metal. The mixture was dissolved in
Millipore water and purged with Ar in an ultrasonic bath for an
hour. The salts were then reduced by adding NaBH4 while
simultaneously purging themixture with Ar. Themixture obtained
was washed and rinsed with Millipore water and then dried. The
sample was annealed at 600 �C under 15% H2/Ar gas for 2 h in a
tube furnace. The H2 environment was necessary to completely
reduce both Ni and Ir (Supporting Information, Figure S5) and
the annealing temperature (600 �C)was chosen to securely induce
the core�shell structure. Chemical analysis of the resultant IrNi
sample was carried out using energy-dispersive X-ray (EDX)
equipped with a JEOL JEM2100F transmission electron micro-
scope. The mean mole ratio of Ni to Ir (xNi/xIr) determined from
eight particles was 0.56 with a standard deviation of 0.04. It should
be emphasized that this low standard deviation denotes that the
compositions of the particles are virtually identical.
2.2. X-ray Diffraction. XRD measurements were taken with a

Phillips 3100 diffractometer using Cu KR radiation (1.54056 Å).
Samples for analysis were obtained by loading the slurries onto a
glass slide, followed by drying them in air. The diffraction
patterns were collected from 20� to 80� at a scanning rate of
0.6� min�1, with a step size of 0.02�.
2.3. STEM�EELS. The Hitachi aberration-corrected scanning

transmission electronmicroscope (HD-2700C) at the Center for
Functional Nanomaterials (CFN), Brookhaven National La-
boratory (BNL) was used. For this study, we used a 1.4 Å
electron probe with probe current ∼50 pA. The microscope is
equipped with a cold field emission electron source with energy
resolution of 0.35 eV. The carbon-supported nanoparticles were
dispersed in water, and one drop of the slurry was deposited on a
carbon-covered copper grid (EMS, Hatfield, PA).
2.4. In Situ XAS Studies. Two kinds of in situ XAS measure-

ments were undertaken at the National Synchrotron Light
Source (NSLS), BNL at the X19A and X18B beamlines. One
was in situ electrochemical XAS experiments; the XAS cell was
incorporated into a three-electrode configuration. The IrNi
sample (working electrode), a proton exchange membrane
(Nafion 117, DuPont Chemical Co., DE), and a Pt thin foil
(counter electrode) were sandwiched and clamped tightly by the
two acrylic plastic bodies. Each plastic body has an X-ray window.
The electrolyte was 1 M HClO4, and an Ag/AgCl leak-free
electrode was used as a reference electrode. All potentials in this
contribution are quoted with respect to the reversible hydrogen
electrode (RHE). The measurements were carried out at the Ir
L3 edge (11215 eV) and Ni K edge (8333 eV) at different
potentials at room temperature. This electrochemical cell was
designed for acquiring XAS data in both the transmission and
fluorescence modes, although the data presented below were
obtained in the former. Details of the electrochemical cell, which
is a modified version of that described in ref 40, are given
elsewhere.41 The other kind of experiments consisted of in situ

thermal XAS measurements; the experimental cell we used is
pictured elsewhere.42 Approximately 100 mg of carbon-sup-
ported IrNi particles, which were reduced only by NaBH4 but
were not annealed in H2 atmosphere, were compressed into a
circular disk at room temperature; the disk was installed on a
holder with a window, through which X-rays impinged on the
sample disk. A resistance heater, embedded inside the holder,
annealed the sample at given temperatures up to 400 �C. We
monitored the annealing temperature with a thin chromel�
alumel thermocouple placed near the sample. The thermal
reactor cell was shielded with a thin Kapton film, in which a
gas containing 5% H2 in He was flowed (10 mL/min) during
annealing. The measurements were carried out separately at the
Ir L3 edge (11215 eV) and Ni K edge (8333 eV) from room
temperature to 400 �C. The data acquired by both the electro-
chemical and thermal cells were processed and analyzed by
Athena and Artemis software.43

2.5. In Situ Time-Resolved Synchrotron XRD. The measure-
ments were performed at the X7B beamline at NSLS to detail the
formation of core�shell structures during annealing. The instru-
ment parameters (Thompson�Cox�Hastings profile coefficients)
were derived from the fit of a LaB6 reference pattern. Approxi-
mately 5 mg of the carbon-supported IrNi nanoparticles, which
were reduced only by NaBH4, were loaded in a 1 mm quartz
reactor that was attached to a flow system, and annealed up to
600 �C at a heating rate of 4.8 �C/min. A small resistance heater
was wrapped around the reactor capillary, and the temperaturewas
monitoredwith a thin chromel�alumel thermocouple placed inside
the capillary near the sample.Wemaintained a 10mL/min gas flow
containing 5% H2 in He throughout the annealing process. The
wavelength of X-ray used was 0.3184 Å. XRD patterns were
recorded on a Mar345 image plate detector during annealing;
the recording time for a spectrum is ∼2.6 min. Details of the
synchrotron XRD experiment were described earlier.44,45 The
Rietveld profile refinements were performed with the aid of GSAS
software.46�48 The series of powder patterns were refined by
sequential analysis wherein the starting model is based on the
earlier powder pattern.
2.6. Electrochemical Measurement. A thin film of the

electrocatalyst was prepared on a glassy carbon rotating electrode
(area: 0.164 cm2) for electrochemical measurements. The
electrode was then covered by a small amount of a Nafion
solution (5 μL of 4 μg/10 μL) and dried in air before rotating
disk electrode measurements. Solutions were prepared from
Optima perchloric acid obtained from Fisher and Milli-Q UV-
plus water (Millipore). Commercial Pt/C (10 wt %) and Ir/C
(10 wt %) from E-TEK were used as received. An Ag/AgCl/KCl
(3 M) electrode was used with a double-junction chamber as a
reference, and all potentials, E, are quoted with respect to
reversible hydrogen electrode (RHE).

3. RESULTS AND DISCUSSION

3.1. Characterization of Core�Shell Structure. Figure 1
shows the XRD pattern measured from the IrNi/C nanoparticles
using Cu KR radiation (1.54056 Å). There are three pronounced
reflection peaks at 2θ = 42.65�, 49.61�, and 72.42�. No separate
peaks for Ir or Ni were observed (the reflection peaks of (111),
(200), and (220) planes for Ir andNi are denoted by the blue and
red bars, respectively). The first peak at 2θ = 42.65� is indexed
between the Ir (111) and Ni (111) planes at 2θ = 40.66� and
44.51�, respectively. Ir and Ni are known to form a solid solution
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alloy as a bulk at all relative concentrations of the two elements.
The phase diagram of Ir�Ni alloy is shown in Supporting
Information, Figure S8.24 The XRD pattern points to the forma-
tion of IrNi solid-solution alloy nanoparticles, possibly with a fcc
structure (Fm3m) with a lattice parameter of=3.72 Å. (We note
that both Ir and Ni have a fcc structure and that the lattice
parameters for Ir and Ni are 3.839 Å and 3.524 Å, respectively.25)
The average size of the IrNi nanoparticles is 4.7 nm, estimated
from Scherer’s equation.26 Another intriguing feature in Figure 1
is that the reflection peaks are asymmetrical, with tails toward the
2θ values of Ir planes. The asymmetry of the XRD peaks may be
caused by the Ir shells formed by the segregation of Ir on the
surfaces of IrNi solid solution alloy cores during annealing. The
concentration change in Ir from the cores to the surfaces appears
to be the origin of the tail in the peaks, as discussed below.
STEM�EELS observations were made on some of the

nanoparticles. Figure 2a shows a high-angle annular dark field
(HAADF) image of a single nanoparticle and 2b compares the
EELS intensities from the Ir M-edge and Ni L-edge obtained by
moving the electron probe along the line indicated in Figure 2a
(we note the arbitrary scales of the y axes). (The EELS spectra for
Ni L-edge and Ir M-edge taken at the center of the nanoparticle
are shown in Supporting Information, Figure S1.) In Figure 2b, it
is evident that the intensities of both Ir and Ni are approximately
constant around the center of nanoparticle and that Ir is enriched
(or Ni is depleted) at both edges of nanoparticles; the thickness
of Ir-enriched layers is ∼0.75�1 nm (3�4 layers). Hence, we
clearly demonstrated the formation of the Ir shell. Another
STEM�EELS observation on a different IrNi nanoparticle is
depicted in Supporting Information, Figure S2. The thickness of
Ir-enriched layer is ∼0.25 nm (one layer). By combining the
XRD and the STEM�EELS measurements, it is inferred that the
core�shell structure consists of Ir-rich top layers on the surfaces
of IrNi solid-solution alloy cores.
A low-resolution STEM image and a histogram of the particle

size distribution are depicted in Supporting Information, Figure
S3. Most particles have round, spherelike shapes, although some
are slightly semirounded. The particle size varies from 2 to

10 nm. The average size is 4.8 nm, which is fairly in line with the
values determined by the XRD experiments. On the basis of the
low-resolution STEM images we approximate the particle shape
as a sphere, although the spherelike particles are considered to
have various geometries, such as cuboctahedral, polyhedral, and
icosahedral structures.27�29

Curves a and b of Figure 3 show the in situ X-ray absorption
near edge structure (XANES) of the Ir L3 and Ni K edges from
the IrNi nanoparticles in 1 M HClO4 at a potential of 0.41 V,
together with those from reference materials, viz., Ir black (the
particle diameter= 5 μm) and Ni foil (the thickness= 10 μm),
respectively. The Ni in the IrNi nanoparticles is considered to
be metallic because the edge energy (E0)

30 shows no shift
compared with that of the Ni bulk foil (8333 eV). The Ni
spectrum from the IrNi nanoparticles also exhibits three peaks
at 8348, 8353, and 8378 eV; the energy values are lower, and the
peak intensities are higher than those for the peaks from the Ni
foil, consistent with the reasonable assumption that alloying
with Ir may change the electronic states of Ni atoms, as many
XANES studies have reported electronic interaction between
alloy components.4,23,31�33 Also shown in Figure 3b is the Ni K
edge spectrum from the IrNi nanoparticles at a potential of 1.11
V. Surprisingly little change is observed between the two
spectra at 0.41 and 1.11 V. On the other hand the in situ
XANES of Ir L3 edge from the IrNi nanoparticles at 0.41 V
displays a decrease in intensity of the white line compared with
that from the Ir black (Figure 3a); this suggests that electronic
properties of Ir may change by alloying with Ni.
Figure 4 depicts the Fourier transformed extended X-ray

absorption fine structure (EXAFS) spectra of the Ir L3 and
Ni K edges from the IrNi nanoparticles in 1 M HClO4 at a

Figure 1. XRD pattern of carbon-supported IrNi nanoparticles with Cu
KR radiation after annealing at 600 �C in a H2 atmosphere for 2 h. Blue
and red bars designate the (1 1 1), (2 0 0), (2 2 0) reflections from pure Ir
and Ni, respectively.

Figure 2. (a) HAADF-STEM image of an IrNi nanoparticle, and (b)
comparison of the EELS intensities for the Ir M-edge and Ni L-edge
along the scanned line as indicated in (a).

http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-001.jpg&w=240&h=191
http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-002.jpg&w=240&h=288
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potential of 0.41 V, together with those from their respective
reference foils. (The k2-weighted EXAFS spectra are depicted in
Supporting Information, Figure S4.) The differences between the
nanoparticles and their reference materials are apparent in the
spectra, indicating that the atomic structures surrounding both Ir
and Ni in the IrNi nanoparticles are significantly different from
those in their 3D bulks. The highest peak in Ni from the IrNi
nanoparticles is shifted to a higher r compared with that from the
Ni foil, while the highest peak in Ir from the IrNi nanoparticles
is displaced to a lower r than that from the Ir black. These figures
represent the expansion in the Ni metal (M) bonds and the
contraction in the Ir�M bonds as a consequence of the forma-
tion of IrNi solid solution alloy cores; the result is in line with
those obtained from the XRD measurements (Figure 1) and
the EXAFS fitting as discussed below. The EXAFS spectra of Ni
K edge from the IrNi nanoparticles at potentials of 0.71, 0.91,
1.11 V also are illustrated in Figure 4b. Little change occurs with
increasing potentials, and no characteristic signature of Ni oxides
and/or Ni ions (as shown in Supporting Information, Figure
S5a) is seen, even at the high potentials. As shown in Pourbaix
diagrams,34 Ni cannot be present in a metallic state when
exposed to acid solutions, unless the potential applied is
below �0.4 V. The experimental result from the in situ EXAFS
indicates that Ni atoms constituting the IrNi cores are not

exposed to the electrolyte since the Ir shell completely encapsu-
lates the IrNi core; Ni in the IrNi solid solution cores therefore is
protected from oxidation or corrosion. The voltammetry curve of
IrNi nanoparticles (shown in Supporting Information, Figure
S7c) also revealed no anodic currents that can be ascribed to the
oxidation/dissolution of Ni.
The Ir L3 and Ni K edge data were fitted concurrently with the

passive electron reduction factors (S0
2
Ir and S0

2
Ni) equal to those

determined from fitting the Ir black and Ni metal foil data (0.81
and 0.82, respectively). The following constraints were applied: (i)
The Ir�Ni bond distance is the same as that measured from either
edge (i.e., RIr�Ni = RNi�Ir); (ii) the bond length disorder
parameters of heterogeneous metal bonds are the same as those
measured from opposite atoms (i.e., σ2Ir�Ni = σ2Ni�Ir); (iii) the
ratio of coordination numbers (NIr�Ni/NNi�Ir) reflects the actual
molar fractions of the metals (xNi/xIr) determined as 0.56 by the
EDX analysis; and (iv) the total coordination numbers (NIr�M

and NNi�M) with a diameter of 4.7 nm are 11, as shown by
modeling the core�shell nanoparticle (i.e., NIr�Ir = 11 � NIr�Ni

and NNi�Ni = 11� NNi�Ir). Figure 5 displays the fitting results of
the Ir�Ni nanoparticles. Good agreement is given between the fits
and the original spectra for both Ir L3 (Figure 5a) and Ni K
(Figure 5b) edges. Table 1 summarizes the coordination numbers
obtained. (The other structural parameters are listed in Supporting

Figure 3. In situ XANES of (a) Ir L3 edge and (b) Ni K edges from the IrNi nanoparticles in 1MHClO4 at potentials of 0.41 V for (a and b) and 1.11 V
for (b). Also shown are spectra from (a) Ir black, and (b) a Ni foil.

Figure 4. In situ EXAFS Fourier transformedmagnitudes of (a) Ir L3 edge and (b) Ni K edge obtained from IrNi nanoparticles in 1MHClO4 at 0.41 V
for (a), and 0.41, 0.71, 0.91, and 1.11 V for (b). Also shown are spectra from (a) Ir black and (b) a Ni foil.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-003.jpg&w=449&h=155
http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-004.jpg&w=402&h=155
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Information, Table S1.) We note that the length of the Ir�Ir bond
obtained (2.664 Å) is less than that of pure Ir (2.714 Å), while the
Ni�Ni bond obtained (2.562 Å) obtained is longer than that of
pure Ni (2.492 Å), indicating their alloying, vide supra.
The interpretation of the coordination numbers obtained is

not straightforward since they are the ensemble-average values
from both the shells and cores, except for NNi�Ni that is derived
only from the cores. For an A�B binary solid-solution random
alloy, the ratio (relative to the A atom) of the coordination
number NA�A to NA�B is equal to the mole fraction ratio xA/xB
of the elements in the bulk,24 i.e., NA�A/NA�B = xA/xB. As listed
in Table 1, the ratio of coordination numbers NNi�Ni/NNi�Ir

is 1.2, which is much larger than the actual mole fraction ratio
xNi/xIr = 0.56. This finding indicates that more Ni�Ni bonds
(and fewer Ni�Ir bonds) are present than in a random alloy
wherein the two atoms have statistical distribution; this finding is
well consistent with the STEM observations showing the Ir-rich
(or Ni-depleted) shells; in the cores the number of Ni�Ni bonds
should be larger than on the average.
We used a suite of programs that model polyhedral nanopar-

ticles with different diameters, different Ir shell thicknesses, and
different molar ratios of IrNi cores to calculate the atomic

coordination numbers for various core�shell structures.36,37 We
then compared the coordination numbers in the model with those
from the EXAFS analysis in order to determine the most suitable
core�shell structure. We employed the polyhedron model to
approximate a sphere-shaped particle for the present system.
Table 1 also lists the calculated coordination numbers from two
core�shell models: one comprises a one-layer Ir shell (812 atoms)
on an IrNi alloy core (1027Ni and 1030 Ir atoms), while the other
represents a two-layer Ir shell (1454 atoms) on an IrNi alloy core
(1030 Ni and 385 Ir atoms). Ir and Ni atoms in the cores are
randomly alloyed via a random number generator. For both
models, the atomic ratio of Ni/Ir was set at 0.56, the diameter
was calculated as 4.68 nm, and the average (metal�metal)
coordination numbers were estimated to be 11. The two-layer
model fits most of the EXAFS data much better cumulatively than
does the one-layer model. Thus, the EXAFS analysis is consistent
with the model wherein the IrNi nanoparticles are composed of
two-layer Ir shells and IrNi alloy cores, as Figure 5c schematically
shows. On the basis of this result together with those from the
XRD and the STEM�EELS measurements, we conclude that the
nanoparticles comprise core�shell structure with Ir-rich top layers
on the surfaces of IrNi solid-solution alloy cores.

Figure 5. Fourier transformmagnitudes of the data (dotted red) and first-shell fit (solid blue) of (a) Ir L3 and (b) Ni K edges from IrNi nanoparticles in
1 MHClO4 at a potential of 0.41 V (c) Atomic configuration of two shell layers of Ir (1454 atoms) on an IrNi alloy core (1030 Ni and 385 Ir atoms). Ir:
gray spheres. Ni: green spheres. Atomic ratio of Ni/Ir: 0.56. Diameter: 4.68 nm. Average metal�metal coordination number: 11.

Table 1. Coordination Numbers Determined by the EXAFS Experiment, and One-Layer Ir Shell and Two-Layer Ir Shell Models

NIr�Ir NIr�Ni NNi�Ni N Ni�Ir NIr�Ni/NNi�Ir NNi�Ni/NNi�Ir

EXAFS 8.1 ( 0.7 2.9( 0.7 5.9( 0.7 5.1( 0.7 0.56 1.2( 0.2

one-layer Ir shell 6.47 3.76 5.28 6.72 0.56 0.79

two-layer Ir shell 7.82 2.42 7.69 4.31 0.56 1.78

http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-005.jpg&w=459&h=302


9899 dx.doi.org/10.1021/jp200746j |J. Phys. Chem. C 2011, 115, 9894–9902

The Journal of Physical Chemistry C ARTICLE

3.2. Formation of Ir Shells on IrNi Cores During Thermal
Treatment.To understand the effect of thermal treatment in a H2

environment on the formation of core�shell structure in IrNi
nanoparticles, time-resolved XRDmeasurements were carried out.
(In situ thermal XAS measurements were also performed. The
results are described in Supporting Information, Figure S5.)
Figure 6a depicts the in situ time-resolved XRD patterns collected
during the annealing process (the wavelength: 0.3184 Å); the
IrNi/C sample reduced only by NaBH4, was loaded into a quartz
reactor and annealed from room temperature up to 600 �C with a
flow of 5% H2/He gas mixture. No prominent diffraction peaks
were observed at room temperature (dashed red curve), indicating
that the initial sample had no long-range ordered structure; rather,
it has partially reduced Ir and Ni, as shown in Supporting Informa-
tion, Figure S5, which must form small clusters with short-range
atomic order. However, as temperature increases (designated by
the arrow in the figure), three diffraction features appear, and the
peaks become more intense as the temperature rises.
Figure 6b illustrates details of the in situ XRD patterns

between (2θ =) 12.5� and 15� at annealing temperatures from
225 to 571 �C.27 As demonstrated in Supporting Information,
Figure S5, both Ir and Ni in the IrNi sample must have been fully
reduced up to 220 �C. Although the observed peaks lie between
the reflections from Ir(2 2 0) (2θ = 13.47�, indicated by the blue
bar) and Ni(2 2 0) (2θ = 14.681�, indicated by the red bar)
during the annealing temperature range, two features are notice-
able. One is that the peak, as a whole, shifts toward a higher angle
with increasing temperature. We rationalized this phenomenon
as reflecting the progress in IrNi solid solution alloying; Ni atoms
diffuse into the Ir clusters, yielding a more homogeneous mixture
of IrNi solid solution alloy. The other is the development of
asymmetry in the peak; a ramp on the right-hand side of the peak
begins to grow with an increase in temperature, particularly
above 456 �C. This is likely to result from the enrichment of Ni in
the IrNi solid-solution alloy cores and the segregation of Ir
toward the core surfaces, induced by elevating temperatures.
When the temperature reached 600 �C in the quartz reactor,

we maintained it constant for 2 h. We note that the peak position

did not change, but its width decreased during these 2 h
(Supporting Information, Figure S6). This finding demonstrates
that the core�shell structure basically does not change, while the
particles keep growing at 600 �C. After 2 h annealing at 600 �C,
the particle size was 4.7 nm, i.e. identical to that examined by the
XRD measurement with Cu KR (Figure 1). As shown in the
phase diagram (Figure S8),24 the IrNi bulk system with 0.36 at %
Ni forms a solid solution alloy below a temperature of 2000 �C.
We consider that the segregation process (the enrichment of Ir
atoms) occurs only at the surfaces (in the top two layers) above
450 �C, whereas the cores behave like the bulk; thus, the
core�shell structure is kept at 600 �C.
The Rietveld refinement analyses were used to follow the

changes in the cell dimensions and particle size with annealing
temperature (Figure 7). We found that up to 220 �C the cell
dimension of IrNi sample is approximately constant at 3.775 Å.
This value is smaller than that of pure Ir metal (3.839 Å), but
much larger than that of Ni metal (3.524 Å), pointing to the
formation of Ir-rich phases in the nanoparticles. We designated
the temperature region up to 220 �C as Regime I. Figure 7 also
illustrates a schematic of the IrNi nanoparticle containing Ir-rich
phases in this Regime. (Hexagonal-shaped particles are depicted
just as an example.) Above 220 �C, the cell dimension starts to
decline considerably with rising temperatures. We termed the
region between 220 and 450 �C as Regime II. This cell contrac-
tion likely reflects further alloying of Ni with the Ir-rich clusters,
generating in amore homogeneous IrNi alloy nanoparticle. From
the Rietveld refinement we also estimated the particle size, which
we present as a function of temperature. The particle size remains
approximately constant (∼2.2 nm) up to 450 �C; thereafter, the
particles start to grow up to 600 �C. We designated the region
between 450 and 600 �C as Regime III. It is considered that the
neighboring nanoparticles may migrate and coalesce on carbon-
supports above 450 �C. Intriguingly, this onset temperature is
almost coincident with that of the asymmetry in peak shape
(Figure 6b) that is caused by the segregation of Ir atoms on the
nanoparticle surfaces. Likely, long-range atomic diffusion occurs
above 450 �C, and therefore, induces the segregation of Ir to the

Figure 6. (a) In situ time-resolved XRD patterns (the wavelength: 0.3184 Å) obtained from the IrNi nanoparticles (reduced only by NaBH4 before the
test) during reduction in 5% H2/He flow at increasing temperatures (a heating rate of 4.8 �C/min). (b) Details of in situ time-resolved XRD patterns
obtained from the IrNi nanoparticles between (2θ =) 12.5� and 15� at annealing temperatures from 225 to 571 �C. Blue and red bars designate a (2 2 0)
reflection from pure Ir and Ni, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-006.jpg&w=415&h=190
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particle surfaces as well as the growth of the particles, while below
450 �C atomic diffusion is confined to short-range order,
presumably by the place-exchange mechanism. The formation
of Ir shell on IrNi alloy core in Regime III is also illustrated
schematically in Figure 7. As our EXAFS analysis revealed, the
nanoparticles will eventually comprise the two layers of Ir on the
IrNi alloy cores by thermal annealing at 600 �C.
It has been reported that the phenomenon of surface segrega-

tion is primarily determined by the surface energy and atomic size
of alloy constituents.15 Metal atoms having larger radii and lower
surface energies usually tend to segregate to the surface. The
experimental surface energies for Ir and Ni are 3.000 J m�2 and
2.450 J m�2,49 and the metallic radii for Ir and Ni are 1.36 Å and
1.24 Å,50 respectively. The Ir segregation for the present IrNi
system can be predicted from the difference in radii but cannot be
explained in terms of surface energies. It is known that Pt atoms
tend to segregate to the surfaces of Pt�Ni system;12 the radius of

Pt (1.39 Å) ismuch larger than that of Ni, while the surface energy
of Pt (2.475 J m�2) is almost comparable to that of Ni. This
implies that the difference in atomic size is an important factor for
the PtNi system; the segregation of Pt atoms to the surface
alleviates strain in the alloy significantly, resulting in a decrease in
the total energy.15 A similar rationale may be applied to the Ir
segregation for the IrNi system. On the other hand, Ruban et al.
reported surface segregation energies for several transition-metal
alloys to predict the surface segregation phenomena, based on
density function calculations.13 According to their calculations
however, Ir atoms in a Ni bulk show a small but positive surface
segregation energy, which corresponds that Ir atoms prefers to
remain in the Ni bulk. This is in conflict with the experimental
results identified by the present study; the discrepancy could be
caused by the fact that the calculated surface segregation energy is
in general proportional to the difference of the surface energies of
the alloy components.14 Refined theoretical approaches that can
support the experimental observations are highly desired.
3.3. Catalytic Activity for Hydrogen Oxidation. Figure 8a

shows polarization curves of H2 oxidation on the IrNi core�shell
nanoparticles in a H2-saturated 0.1MHClO4 solution at different
rotation speeds. The currents exhibit rapid rises from zero to
diffusion-limited plateaus within less than 100 mV. The behavior
appears very similar to that observed for platinum that is known to
be the best electrocatalyst for H2 oxidation. The polarization
curves of H2 oxidation from a commercial Pt/C catalyst are
shown in Supporting Information, Figure S7a together with those
from a commercial Ir/C catalyst. Iridium shows relatively delayed
responses for H2 oxidation compared with Pt and the activity
starts slightly to decline after attaining the maximum values. On
the basis of the oxidation behavior and structural properties, it
appears that Ni atoms in the IrNi cores improve the activity of H2

oxidation on Ir surfaces. This is predominantly though the
geometrical effect, i.e. contraction in Ir�Ir bond. The Ni-core-
induced Ir shell contraction makes the surface less reactive for
H2O oxidation and IrOH formation (Figure S7c). The resulting
more metallic Ir surface becomes more active for H2 oxidation
than the IrOH covered surface, as observed in Figure 8a. Figure 8b
shows the mass activities (the kinetic currents divided by the
masses) in H2 oxidation from the IrNi nanoparticles and from
commercial Pt/C and Ir/C catalysts at a potential of 0.05 V. The

Figure 7. Rietveld refinement analyses showing changes in cell dimen-
sion and particle size of the IrNi nanoparticles as a function of annealing
temperatures. Also shown is a schematic of changes in atomic structure
of IrNi nanoparticles with increasing temperatures.

Figure 8. (a) Polarization curves forH2 oxidation on IrNi core�shell nanoparticles inH2-saturated 0.1MHClO4 (sweep rate: 10mV s�1) and (b)mass
activity of H2 oxidation from commercial Ir/C and Pt/C catalysts and the IrNi core�shell nanoparticles at a potential of 0.05 V. Metal loadings:
10.6 μg cm�2 (9.1 nmol) Ir for Ir/C, 7.6 μg cm�2 (6.4 nmol) Pt for Pt/C, 3.4 μg cm�2 (2.9 nmol) Ir and 0.58 μg cm�2 (1.6 nmol) Ni for IrNi/C.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-007.jpg&w=240&h=192
http://pubs.acs.org/action/showImage?doi=10.1021/jp200746j&iName=master.img-008.jpg&w=393&h=171
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kinetic currents were obtained from a Kouteky�Levich plot39

shown in Supporting Information, Figure S7b. We calculated
particle sizes from the XRD patterns and electrochemical surface
areas by integrating the charges associated with the hydrogen
desorption peaks in cyclic voltammograms (Figure S7c) and then
determined the metal loadings of the catalysts using the ratio of
surface to total atoms of nanoparticles as a function of particle
size.29 The mass activity of the IrNi core�shell nanoparticles
(4.4 mA μgIrþNi

�1) is ∼6 times higher than that of the Ir/C
catalysts (0.77 mA μgIr

�1); more interestingly it is even slightly
higher than that of Pt/C catalyst (3.7 mA μgPt

�1), indicating that
the IrNi nanoparticle catalyst is a promising candidate as non-Pt
anode catalyst for H2 oxidation.

4. CONCLUSIONS

We showed a simple method of synthesizing carbon-supported
IrNi core�shell structured nanoparticles by chemical reduction,
followed by thermal annealing in H2. We detailed the structure of
the Ir shell on the IrNi alloy using XRD, STEM�EELS, and in situ
XAS. The EXAFS analysis is consistent with the model wherein
the IrNi nanoparticles are composed of two-layer Ir shells and IrNi
alloy cores. In situ XAS showed that the Ir shells completely protect
theNi atoms comprising the cores from oxidation or dissolution in
an acid solution under elevated potentials. Time-resolved syn-
chrotron XRD measurements combined with Rietveld refine-
ment analyses demonstrated the process of reaching a homogeneous
mixture of Ir andNi atoms during thermal annealing above 220 �C,
and the onset of Ir segregation on the IrNi core surfaces above
450 �C. Iridium is known as one of the most stable elements
against corrosion;34 thus, a shell comprising two Ir layers can
protect non-noble metals such as Ni in cores, as this study clearly
revealed (Figure 4b and Figure S7c). This new class of core�
shell nanoparticles affords various possibilities for practical
applications, such as electrocatalysts for fuel cells; one highly
promising application is an anode electrocatalyst for hydrogen
oxidation reaction as shown in the present study.
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